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Heteroecy in aphids has independently arisen in different aphid lineages throughout 76 evolutionary history [4] with monoecy (with the entire life cycle taking place on one plant 77 species) on trees thought to be the ancestral state. Many different hypotheses explain the 78 maintenance of heteroecy and driving factors described include nutritional optimization, 79 oviposition sites, natural enemies, temperature tolerance, and fundatrix specialization [4] . 80
With many important agricultural crops being aphid secondary hosts, understanding how 81 aphids are able to switch between their primary and secondary hosts will provide better 82 insight into the mechanisms of crop infestation. It is likely that switching between host plant 83 species requires aphids to adapt to differences in host nutritional status as well as 84 potential differences in plant defense mechanisms against insects. Host plant 85 specialization in the pea aphid species complex is associated with differences in genomic 86 regions encompassing predicted salivary genes as well as olfactory receptors [5] . 87
Moreover, adaptation of M. persicae to different secondary host plant species involves 88 gene expression changes, including of genes predicted to encode for cuticular proteins, 89 cathepsin B protease, UDP-glycosyltransferases and P450 monooxygenases [6] . 90
Analyses of gene expression differences between Hyalopterus persikonus (mealy aphids) 91 collected from primary versus secondary host plant species under field conditions showed 92 that genes with predicted functions in detoxification, but also predicted effector genes, 93 required for parasitism, were differentially regulated [7] . However, a detailed 94 understanding of how aphids respond through the process of host alternation remains 95 unclear. 96 97 Myzus cerasi, or black cherry aphid, is a host-alternating aphid that uses mainly Prunus 98 cerasus (Morello cherry) and Prunus avium (sweet cherry), but also other Prunus species 99 as primary hosts and several herbaceous plants (Gallium spp., Veronica spp., and 100 cruciferous species) as secondary hosts [8] [9] . Infestation can cause significant damage 101 on cherry trees, due to leaf curling, and shoot deformation, pseudogall formation, as well 102 as fruit damage. Recently, the genome of M. cerasi was sequenced, providing novel 103 insights into the potential parasitism genes as well as genome evolution [10] . The 104 increasing availability of genomics resources for aphids, including M. cerasi, facilitates 105 further understanding of aphid biology, including the processes involves in host 106 alternation. 107
108
In this study, we adapted M. cerasi aphids collected from local cherry trees (primary hosts) 109 to secondary hosts Galium aparine (cleavers) and Barbarea verna (Land cress) and 110 assessed differences in aphid transcriptomes upon adaptation. We found that aphids 111 collected from their primary host differed in their ability to adapt to secondary host plant 112 species. The adaptation from primary to secondary host plant species involved extensive 113 transcriptional changes in M. cerasi, especially with regards to genes involved in 114 detoxification. However, we only observed limited transcriptional changes between M. 115 cerasi adapted to the two different secondary host plant species. 116 117 Results and discussion 118 119
Myzus cerasi host alternation under laboratory conditions is associated with low 120 survival rates 121 122
To determine whether transcriptional plasticity plays a potential role during primary to 123 secondary host alternation, we used the aphid species M. cerasi, which can be found on 124 its primary host, cherry, in spring, and uses several herbaceous secondary host species 125 over the summer [9] . When attempting to establish a colony of M. cerasi from populations 126 occurring on local cherry trees, we observed differences in survival rates upon transfer to 127 reported secondary host plant species. While aphids were unable to survive transfer from 128 primary host cherry to Land cress (Barbarea verna), we observed a 10%-20% survival rate 129 upon transfer to cleavers (Galium aparine) ( Fig. 1 ). However, once aphid populations were 130 established on cleavers, individuals from this population were successfully transferred to 131 cress plants. We performed primary to secondary host transfer experiments with aphids 132 collected from cherry trees at two different locations in three independent replicates with 133 similar results ( Fig. 1 ). Our observation that M. cerasi is unable to readily infest reported 134 secondary hosts likely reflects that these aphids need to adapt to a change in host 135 environment. 136 137
Myzus cerasi shows extensive transcriptional plasticity to host alternation 138 139
We assessed the changes that take place at the transcriptional level in M. cerasi upon 140 moving aphids from their primary host cherry to secondary host plant cleavers and upon 141 subsequent transfer to secondary host plant cress. Specifically, we sequenced the 142 transcriptomes of M. cerasi populations collected from cherry, and established over a week period on cleavers or cress using RNAseq. 144 145
We performed differential gene expression analysis (LOG fold change >2, False Discovery 146 Rate (FDR) p<0.001) between the different aphid populations to identify gene sets 147 associated with specific host plant species. Cluster analyses of the aphid transcriptional 148 responses from this and previous work reporting on differential aphid gene expression in 149 head versus body tissues [11] revealed that the overall expression profiles could be 150 distinguished based on the aphid tissue used for sample preparation as well as the host 151 species that M. cerasi was collected from (Additional File 1: Fig. S1a ). Indeed, principal 152 component analyses showed a clear separation between aphid transcriptomes associated 153 with usage of different primary and secondary host species (Additional File 1: Fig. S1b ). 154
Overall, we identified 934 differentially expressed genes by comparing the different 155 datasets for each of the aphid populations ( Fig. 2a , Additional File 2: Table S1 ). A heat 156 map of these 934 genes shows that gene expression profiles from aphids on their 157 secondary hosts (cleavers and cress) are more similar to each other than to the gene 158 expression profiles of aphids on their primary host (cherry) ( Fig. 2a ). Co-expression 159 analyses reveals six main clusters of differentially expressed genes, two of which (A and 160 E) contain the majority of genes ( Fig. 2a and 2b ). Cluster A contains 493 genes, which 161
show higher expression in aphids on secondary host plants versus those on primary host 162 cherry, and cluster B contained 342 genes showing an opposite profile of being more 163 highly expressed in aphids on the primary host versus secondary hosts. GO annotation 164 revealed over-representation of terms associated with oxido-reductase activity in both 165 clusters, as well as several terms associated with carotenoid/tetrapenoid biosynthesis in 166 case of cluster B (Additional file 3: Table S2 ). 167 168
To assess differential expression of M. cerasi genes across the host plant-aphid 169 interactions we also analyzed pairwise comparisons for differentially expressed gene sets. 170
The largest set of differentially expressed genes (736) was found in comparisons between 171 aphids from cherry and cress, with 443 genes more highly expressed in aphids from cress, 172 and 293 more highly expressed in aphids from cherry ( Fig. 3a) . A total of 733 differentially 173 expressed genes were found in comparisons of aphids from cherry versus cleavers, with 174 367 genes more highly expressed in aphids collected from cherry and 366 genes more 175 highly expressed in aphids collected from cleavers (Fig. 3a ). The observation that more 176 genes are highly expressed in aphids from cress compared to the other host species may 177 reflect the need for specific gene products to cope with adaptation to cress. 178 179 A relatively small number of genes were differentially expressed between aphids collected 180 from the two secondary hosts cleavers and cress, with only 5 genes more highly 181 expressed in aphids from cleavers, and 74 genes more highly expressed in aphids form 182 cress ( Fig. 3a ). This suggests that M. cerasi shows limited transcriptional plasticity to a 183 switch in secondary host environment. This is in line with our previous observation that 184 only a relatively small set of genes is differentially expressed in M. persicae and R. padi 185 when exposed to different host or non-/poor-host plants [10] as well as the relatively small 186 number of transcriptional changes when M. persicae is adapted to different secondary 187 hosts [6] . Table S3 ). This set of 443 genes contains 282 of 195 the 366 genes that are also more highly expressed in aphids from the other secondary 196 host plant species, cleavers, with similar GO annotations ( Fig. 3b ; Additional file 5: Table  197 S4). The 293 genes more highly expressed in aphids collected from cherry than those 198 from cress shows over-representation of genes predicted in oxidoreductase activity 199 (GO:0016620, GO:0016903, GO:0055114, GO:001649) as well as other processes such 200 as fatty-acyl-CoA reductase (alcohol-forming) activity (GO:0080019), interspecies 201 interaction between organisms (GO:0044419), and symbiosis (GO:0044403) (Additional 202 file 4: Table S3 ). For the gene sets differentially expressed between aphids collected from 203 cherry and cleavers, GO enrichment analyses reveal that in reciprocal comparisons genes 204 predicted to function in oxidation-reduction are also over-represented (Additional file 4: 205 Table S3 ). Interestingly, we detected an overrepresentation of different GO terms 206 associated with oxidation reduction in gene sets of aphids collected from primary and 207 secondary host species, which suggest that M. cerasi may require different gene sets for 208 detoxification on primary versus secondary hosts. 209 210 Interestingly, among the 367 genes more highly expressed in aphids collected from cherry 211 compared to those collected from cleavers, we found that the majority of GO terms 212 identified through enrichment analyses correspond to metabolic processes biosynthesis 213 (Additional file 4: Table S3 ). Of these 367 transcripts 268 show similar expression 214 differences in aphids collected from cherry versus those collected from cress, whereas 98 215 are specific to the comparison of aphids collected from cherry versus cleavers ( Fig. 3c ). 216
Whilst GO enrichment analyses showed over-representation of genes involved in oxidation 217 reduction in the set of 268 overlapping transcripts, the 98 transcripts specifically up-218 regulated in aphids collected from cherry versus cleavers show over-representation in 219 metabolic processes, and especially those associated with terpenoid/carotenoid 220 biosynthesis which are involved in aphid pigmentation (Additional file 6: Table S5 ) [12] . 221
Possibly this observation reflects that M. cerasi requires specific gene sets for 222 pigmentation and feeding on primary host cherry compared to secondary host plants. 223
Notably, we did not observe any noticeable change in aphid color upon switching from 224 primary to secondary hosts, with aphids being a dark brown to black color on all plant 225 species tested (not shown), suggesting the differential regulation of carotenoid genes is 226 not associated with aphid color in this case but other unknown physiological functions. 227
228
To independently test whether select M. cerasi genes were differentially expressed in 229 aphids collected from primary and secondary host plants, we repeated the collection of 230 aphids from local cherry trees (separate site, location 2) and performed adaptation 231 experiments to cleavers and cress. We selected 10 genes for independent validation of 232 expression profiles by qRT-PCR. Five of these 10 genes were selected based on 233 enhanced expressed in aphids from cherry compared to aphids from secondary host 234 plants, and another 5 genes for being more highly expressed in aphids from secondary 235 host plants compared to aphids from cherry. The genes selected based on higher 236 expression in aphids from cherry showed similarity to genes predicted to encode a 237 peroxidase, RNA-binding protein 14-like, hybrid sensor histidine kinase response 238 regulator, maltase isoform a, and a lactase-phlorizin hydrolase. The genes selected based 239 on higher expression in aphids from secondary hosts showed similarity to genes predicted 240 to encode an unknown protein, a venom-like protease, a thaumatin-like protein, protein 241 kintoun, and a cytochrome P450. Except for the gene with similarity to a venom-like 242 protease, all genes showed a similar gene expression profile in both samples used for the 243 RNAseq experiments and in the independently collected and adapted aphids from a 244 different site, indicating that this gene set is consistently differentially expressed when M. 245 cerasi switches from primary to secondary host plants (Additional file 7: Fig. S2 ). Most of 246 these genes have predicted functions in detoxification, in line with our hypothesis that 247 aphids require different sets of genes to deal with potential defensive plant compounds to 248 be able to feed on different primary or secondary host plants. In H. persikonus collected 249 from primary and secondary host plant species in the field, a similar observation was made 250 in that an extensive gene set associated with detoxification was differentially regulated [7] . Bonferroni post hoc correction). These results are not surprising considering that the M. 266 cerasi reference genome was generated using a clonal line adapted to the secondary host 267 cress and suggest that the population on cherry may be more genetically diverse than the 268 populations on secondary host plants. Moreover, based on these findings we propose that 269 only a subpopulation of the primary host population may switch to secondary host plant 270 species. It should be noted that these data are based on RNAseq, and do not rule out the 271 possibility of allele-specific expression across the different host interactions. Hence, further 272 characterization of the M. cerasi (sub)populations using DNAseq will be required to gain 273 further insight into adaptation of this aphid species to its hosts. effectors we previously identified [10] show a wide range of expression levels across 281 different interactions, with most expression variation in aphids collected from cherry ( Fig.  282 4a; Additional file 8: Table S6 ). However, when assessing expression of a random non-283 effector set of similar size, this expression variation in aphids from cherry was less 284 pronounced ( Fig. 4a ). Despite the observed variation in expression patterns, we only 285 found a small number of differentially expressed candidate effectors, mainly when 286 comparing aphids collected from the primary versus secondary hosts. Specifically, 13 287 candidate effectors are more highly expressed in aphids from both secondary host species 288 compared to aphids from the primary host cherry, with one additional candidate effector 289 more highly expressed in the case of aphids from cleavers compared to cherry only 290 (Mca17157|adenylate kinase 9-like) (Additional file 8: Table S6 ). Although these candidate 291 effectors were mainly of unknown function, several show similarity to thaumatin-like 292 proteins and a venom protease. Interestingly, the candidate effector with similarity to the 293 venom protease, Mca05785 (upregulated in secondary hosts), is member of a venom 294 protease gene family cluster that consists of four members (3 are tandem duplications, 1 is 295 a proximal duplication). Three of these are predicted to encode secreted proteins, and all 296 members show higher expression levels in aphids from secondary hosts compared to 297 aphids from primary host, but this variation is not statistically significantly different 298 (Additional file 8: Table S6 ). In addition, 1 candidate effector (similar to RNA-binding 299 Mca09259) were more highly expressed in aphids collected from cherry compared to 302 aphids from cleavers and/or cress (Additional file 8: Table S6 ). 303 304 Break-down of aphid effector co-regulation associated with the primary host 305 interaction 306
307
We previously showed that expression of aphid effector genes, required for parasitism, 308 was tightly co-regulated pointing to a mechanism of shared transcriptional control [10] . To 309 test whether this also applies to M. cerasi adapted to primary versus secondary hosts, we 310 assessed co-expression patterns of Mc1 and Me10-like, an effector pair that is physically 311 linked across aphid genomes and tightly co-regulated, together with all other genes. A 312 total of 35 genes showed a high level of co-expression in M. cerasi during interaction with 313 the three different host plant species and across different aphid tissues (Fig. 4c ). This 314 number is much smaller compared to the set of co-regulated genes in R. padi (213) and 315 M. persicae (114), which could be due to differences the quantity and quality of the 316
RNAseq datasets we used for these analyses [10, 13] . However, the pattern of co-317 regulation observed in aphids collected from secondary host plants is not apparent in 318 aphids collected from the primary host cherry (Fig. 4c) , which affects the overall accuracy 319 and ability to predict co-regulated genes. Possibly, shared transcriptional control of 320 effector genes is more relevant during aphid parasitism on secondary host plant species 321 rather than on primary hosts. 322 323
Differential exon usage in M. cerasi upon host alternation 324 325
We also found evidence for differential exon usage when comparing the different aphid 326 transcript datasets. Overall, 263 genes show significant differential exon usage when 327 comparing aphid datasets associated with the different primary and secondary hosts 328 (Additional file 9: Table S7 ). These 263 genes contain 2551 exons, of which 443 show 329 differential expression between aphids from primary host cherry versus the secondary 330 hosts. No significant GO annotation is associated with these 263 genes. One example of 331 differential exon usage in M. cerasi is peroxidase gene Mca06436, which contains 5 332 exons, 2 of which are significantly more highly expressed in aphids collected from the 333 primary host cherry compared to aphids from secondary host cleavers (Fig. 5 ). This 334 suggests that alternative splicing may be associated with adaptation to primary versus 335 secondary host species. For genes differently expression in M. cerasi when grown on different hosts (cherry, 341 cleavers and cress) it is interesting to observe that the majority of these are duplicated (not 342 single copy). For the genes upregulated in M. cerasi when grown on cress versus cherry 343 only 14% are single copy, which is significantly lower than the percentage of single copy 344 genes in a randomly selected set of genes (p<0.001, Mann-Whitney U test). Moreover, for 345 all sets of differentially expressed genes, the differentially expressed genes were more 346 likely to be duplicated when compared to a background random gene set (p<0.001) 347
(Additional file 10: Table S8 ). To assess the categories of gene duplication within the 348 differential expressed gene sets, 100 iterations of randomly selecting 100 genes were 349 conducted to obtain a background population. This yielded a mean and standard deviation 350 for each duplication type from the parent gene population (normally distribution). A 351 probability calculator (Genstat) was used to determine how likely the observed counts 352
were to occur at random. This showed that most of the duplicated differentially expressed 353 genes were within the "dispersed duplication" category (p<0.001) and that there was no 354 significant difference in the occurrence of tandem or proximal gene duplications (p>0.05) 355 (Additional file 10: Table S8 ). In contrast to predicted M. cerasi effectors, the differentially 356 Aphid host alternation between summer and winter host plant species is an intriguing 368 feature of aphid life cycles that is not well understood, especially at the molecular level. 369
Here we show that, under controlled conditions, M. cerasi adaptation from primary to 370 secondary host species does not readily occur, with only 10-20% aphid survival, and 371 involves extensive changes in aphid gene expression. Our data suggests that different 372 sets of genes involved in detoxification are required to feed from primary versus secondary 373 host species. Many of these genes are members of multi-gene families, and changes in 374 aphid transcriptomes can also be associated with differential exon usage. In contrast, we 375 find only limited transcriptional plasticity to secondary host switching. RNAseq) and fresh cleavers branches together with Land cress branches were added to 390 the cups. One week after adding the Land cress plant material, all cleavers material was 391 removed and fresh cress branches were added and fresh plant material was regularly 392 provided. Three weeks later 50 mixed-age aphids were collected per cup culture and flash 393 frozen (aphids adapted to cress for RNAseq). Aphids were maintained in cup cultures in 394 controlled environment cabinets at 18°C with a 16 hour light and 8 hour dark period. 395
RNA sample preparation and sequencing 396
Aphid samples were ground to a fine powder and total RNA was extracted using a plant 397 RNA extraction kit (Sigma-Aldrich), following the manufacturer's instructions. We prepared 398 three biological replicates for M. cerasi collected from each host. RNA quality was 399 assessed using a Bioanalyzer (Agilent Technologies) and a Nanodrop (Thermo Scientific). 400
RNA sequencing libraries were constructed with an insert size of 250bp according to the 401 TruSeq RNA protocol (Illumina), and sequenced at the previous Genome Sequencing Unit 402 at the University of Dundee using Illumina-HiSeq 100bp paired end sequencing. All raw 403
data are available under accession number PRJEB24338. 404
Quality control, RNAseq assembly and differential expression 405
The raw reads were assessed for quality before and after trimming using FastQC [14] . 406
Raw reads were quality trimmed using Trimmomatic (Q22) [15] , then assembled using 407 genome-guided Trinity (version r20140717) [16] . Transrate was run twice to filter out low 408 supported transcripts [17] . 409 410 RNAseq assembly and annotation is available at DOI: 10.5281/zenodo.1254453. For 411 differential gene expression, reads were mapped to the Myzus cerasi genome [10] , per 412 condition using STAR [31] . Gene counts were generated using Bedtools [32] . Differential 413 gene expression analysis was performed using EdgeR [19] , using LOG fold change >2, 414 FDR p<0.001 threshold. GO enrichment analysis was performed using BLAST2GO 415 (version 2.8, database September 2015) [33] using FDR 0.05. The genome annotations 416
were formatted using GenomeTools [34] and subsequently HTseq [35] was used to 417 quantify exon usage. Differential exon expression was performed using DEXSEQ FDR 418 p<0.001 [36] . Heatmaps were drawn as described in Thorpe et al. [10] . 419 420 Gene duplication categories were used from Thorpe et al. [10] . From these data, a random 421 population was generated by running one hundred iterations on a set of 100 randomly 422 selected genes and their duplication types for subsequence statistical analyses. The script 423 to generate random mean and standard deviation counts is available on Github 424 (https://github.com/peterthorpe5/Myzus.cerasi_hosts.methods). Statistical analysis was 425 performed using Probability Calculator in Genstat (17 th edition). The obtained value from 426 the gene set of interest (differentially express genes across aphid populations) was 427 compared to the distribution of the random test set. Datasets identified as being 428 significantly different from the random population did not significantly deviate from a 429 normal distribution, thus the data was normally distributed. To assess the distances from 430 one gene to the next, an equal sized population (1020) of random genes and their values 431 for distance to their neighboring gene in a 3' and 5' direction was generated. The real 432 value and random values were not normally distributed and were analyzed in Genstat (17 th 433 edition) using a non-parametric Mann-Whitney U Wilcoxon rank-sum test. 434 435 For SNP identification, RNAseq data was mapped back to the reference genome using 436 STAR (2.5.1b) with --outSAMmapqUnique 255, to allow only unique mapping [31] . SNPs 437 were identified using Freebayes [37] . VCFtools (0.1.15) [38] was used on the resulting vcf 438 files to identify SNPs per 10Kb. b. Venn diagram showing the overlap in differentially expressed genes sets that are lower expressed in the aphids from primary host cherry compared to those collected from secondary hosts cleavers and cress, and also lower expressed in aphids from cleavers than those from cress. c. Venn diagram showing the overlap in differentially expressed genes sets that are higher expressed in the aphids from primary host cherry compared to those collected from secondary hosts cleavers and cress, and also higher expressed in aphids from cleavers than those from cress. Additional file 2: Table S1 . List of 934 differentially Myzus cerasi genes across different host species interactions Additional file 3: Table S2 . List of significant GO-terms associated with genes differentially expressed in cluster A and E (Fig. 2) . Table S3 . List of significant GO-terms associated with genes differentially expressed across different Myzus cerasi host interactions, corresponding to Additional file 10: Table S8 . Gene duplication types in Myzus cerasi genes differentially expressed across different host species interactions.
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